Introduction
The protein kinase C (PKC) 1 family of phospholipid-dependent serine/threonine kinases comprises ten isotypes that differ in the molecular organization of their regulatory domain and the variable hinge region but share a conserved kinase domain. PKC isotypes are categorized on the basis of their responsiveness to allosteric activators. Conventional PKC isotypes are activated by diacylglycerol (DAG) or phorbol esters, binding the C1-fold, and phosphatidylserine (PS) and Ca
2+
, binding the C2-fold, of their regulatory domain. Novel PKC isotypes do not bind Ca 2+ , while atypical PKC isotypes are responsive to phospholipids and fatty acids, but do not bind Ca 2+ , DAG or phorbol esters (reviewed in [1] ). Activation is achieved by translocation of PKC to cellular membranes combined with allosteric changes. Further mechanisms of activity regulation involve phosphorylation of PKC [2] and binding to protein ligands [3] . The latter includes binding of substrates and of scaffold proteins that enable PKC U. Tigges
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proteins mainly through their C-terminal β-sheet repeats (reviewed in [20] ). These interactions probably influence filamin's function in both, cell mechanics and cellular signalling. While details of the consequences for many of these ligand interactions remain to be elucidated, two examples may illustrate the potential of filamin as a scaffold for signalling events. First, interactions with Rho family GTPases [27] and some of their regulatory cofactors [28] are proposed to assemble a complex on FLNa that regulates the activity of bound GTPases, allowing filamin to participate in dynamics and spatial positioning of actin assembly [28] . Second, FLNa transduces stress signals to the actin cytoskeleton in mammalian fibroblasts. This can be concluded from the observation that in cells subjected to shear stress, filamin is recruited to β1 integrin-containing focal adhesions. As a consequence, the stressed cells stiffen and thus are more resistant to subsequent physical strain. Cells lacking FLNa do not show such a "stiffening response" [29] .
While a general role for filamin in signalling events is well established, various signalling steps are believed in turn to regulate filamin's function. Binding to phospholipids [30] , phosphorylation by serine/threonine kinases [31] , and proteolytic cleavage [32] seem involved. Evidence from in vitro assays indicates that phospholipids inhibit actin organization by turkey gizzard filamin [33] and phosphorylation by Ca 2+ /calmodulindependent kinase II decreases its actin-binding affinity [34] . Resistance of FLNa to calpain cleavage is increased after phosphorylation of FLNa through protein kinase A (PKA) [32] .
The physiological relevance of these observations, however, is not established.
Here we characterize the interaction of PKCα with filamin in detail. 
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Experimental Procedures
Cloning and mutagenesis
Constructs used in this study were amplified according to standard PCR protocols, cloned in pCR-blunt (Invitrogen, Karlsruhe, Germany) and verified by DNA sequencing. Bovine PKCα cDNA (a gift of Dr Peter J. Parker, Imperial Cancer Research Fund, London) was equipped with an N-terminal birch-profilin epitope tag [35] and cloned into the expression vector pcDNA3 (Invitrogen). An ATP-binding deficient mutant of PKCα (K368M, [36] ) was generated by site-directed mutagenesis according to the manufacturer's instructions using the 
Yeast two-hybrid
An ATP-binding deficient PKCα mutant in the bait vector pGBK T7 was used to screen a mouse embryo (day 17.5) in pGAD T7 (BD Biosciences) and a mouse heart cDNA library in pACT (BD Biosciences). The bait plasmid and cDNA library were co-transformed into the Saccharomyces cerevisiae strain HF7c and plated on medium deficient in leucine, tryptophan and histidine. Colonies that grew under these selective conditions were also tested for betagalactosidase activity by filter-lift assay following standard protocols (BD Biosciences). To exclude false positives, constructs in question were re-introduced into yeast together with either the PKCα mutant bait vector, the pGBK T7 original vector or pLAM5', a vector encoding a human lamin cDNA in the two-hybrid DNA-binding domain vector (BD Biosciences), and assayed for beta-galactosidase activity.
Co-immunoprecipitation
Expression vectors for BiPro-epitope tagged PKCα and FLAG-epitope tagged filamin delta1and delta2 were co-transfected transiently into HeLa cells using FuGENE reagent (Roche, Mannheim, Germany). After 16 hours cells were treated with the membrane permeant cross-linker dithiobis(succinimidyl propionate) (DSP; Pierce, Rockford, IL) essentially as described in Huettelmaier et al. [37] . In brief, cells were incubated with DSP for 30 minutes. 
Labelling of cells with [ 32 P] orthophosphate and immunoprecipitation
An expression vector equipped with a FLAG-epitope tagged FLNa fragment (repeats [22] [23] [24] was transfected transiently into HeLa cells using FuGENE reagent (Roche). Transfected and The protein load was determined by Western blotting using enhanced chemiluminescence and densitometry of films (EasyWin32; Herolab, Wiesloch, Germany). Means of relative phosphate incorporation from four to six independent experiments were compared by variance analysis (Scheffe, p<0.01) using Statview 5.0 (SAS Institute Inc., Cary, NC).
In vitro phosphorylation of FLN isoforms
Purified FLN proteins were phosphorylated using either PKCα or PKA. PKCα phosphorylation was analysed in a mixed micelle assay essentially as described by Marais and
Parker [40] . The assays were carried out using 0.1 mM ATP, 0.1 µCi of [γ- 
Results

Filamin, a PKC ligand at the cytoskeleton
To identify PKC interaction partners we performed yeast two-hybrid screens analysing cDNA libraries from mouse embryo (day 17.5) and mouse heart (both from BD Biosciences), with a mutant of PKCα (K368M, [36] isoforms is 75% [20] .
Interaction of FLN fragments with PKC in mammalian cells
Association of PKCα with FLN was confirmed in transfected HeLa cells that were maintained in culture medium containing 10% serum. Standard culture conditions result in a basal activation of PKC, which is thought to involve transient membrane localization of the kinase and interaction with different protein ligands [42] . FLN fragments were equipped with a FLAG-tag [35] and sub-cloned in expression vectors at levels comparable to that of the highly expressed microfilament proteins (cf [43] , and our own observation). Therefore, even in transfected HeLa cells, the amounts of PKC protein remain modest compared to co-expressed FLN fragments, which results in a relatively faint PKC signal in the immunoblot, Fig. 2C .
Two distinct binding sites for PKCα α α α on FLNa
PKC ligand interactions frequently involve acidic phospholipids and filamin was reported to support lipid-binding [3, 30] . Therefore, we tested in vitro PKCα binding to FLN domain constructs after pre-incubation with phospholipid vesicles, using a protocol that has been applied previously in our laboratory to analyse PKC binding to vinculin [44] . To map filamin binding-sites in dot overlay assays, deletion constructs of the N-and C-terminus were generated from human FLNa cDNA by PCR and cloned into expression vectors. Constructs Furthermore, PKC showed a strong preference to bind the C-terminal as compared to the Nterminal site of FLNa and this interaction was stronger than binding to vinculin tail. 
PKC phosphorylation of filamin in HeLa cells
It is well documented that stimulation of quiescent fibroblasts by various stimuli, e.g. growth endogenous filamin and FLNa C-terminus after PKC stimulation with no obvious difference between both substrates (variance analysis, p<0,01).
Comparison of FLN-isoform phosphorylation by PKCα α α α and PKA
FLN C-terminal repeats 21 to 24 provide the binding site(s) for most of the filamin ligands described so far [20] . A signal that might selectively modify ligand-binding properties of this region is phosphorylation [20] . Therefore, the capacity of PKCα to phosphorylate C-termini of FLN isoforms was analysed. PKA, a kinase known to readily phosphorylate filamin in vitro [32] , was used as a positive control. When phosphate incorporation was compared, 
Discussion
In this paper we identify the binding sites and analyse the essential characteristics of an interaction between filamin and conventional PKCα, in vitro and in cells. A functional link between PKC and filamin has already been assumed previously [20, 29, 31 ]. Yet, the basis for such an interaction has not been studied to date. Using a yeast two-hybrid approach, we detected two unrelated fragments of filamin. This was surprising, given the transient nature of PKC interactions with most protein ligands [3] . In fact, the yeast two-hybrid signals reported here were rather weak and appeared only after prolonged development of the assay prominently to the cortical actin network [20] and to adhesion sites [24] , while PKC is mostly cytosolic but translocates upon activation to the plasma membrane or to specific protein ligands [3] . In the cytosol of transfected HeLa cells an interaction of PKC with filamin cannot be excluded. However, the lipid dependence of PKC binding to FLNa, as shown in this paper, and the association of the FLNa C-terminus with a number of transmembrane proteins [20] suggest that the interaction takes place at the plasma membrane. In HeLa cells no specific activation was used to induce the interaction of PKC with filamin. An example of a PKC-ligand interaction that does not involve a general activation of cytosolic PKC is provided by the phosphorylation of PKC through activating kinases like phosphoinositidedependent kinase (PDK). PKC phosphorylation by PDK depends on adhesion of cells, is sensitive to serum starvation, and involves transient membrane localization of PKC [2, 42] .
In a similar way, standard cell culture conditions, which do not lead to a strong generalized [51]. In our overlay assay, the F-actin binding site does not contribute to the binding of PKC, although these CH domains bind to and insert in phospholipid bilayers [30, 51] . Furthermore, acidic phospholipids inhibit F-actin crosslinking by filamin [33] . This indicates that lipidbinding of filamin is required but not sufficient to support an interaction with PKCα and protein-protein binding contributes to their interaction. In contrast to CH domains in filamin, the type 3 CH domain of calponin binds several PKC isotypes including PKCα in a lipiddependent fashion [52] , thereby providing further evidence for functional differences between type 1/ 2 and type 3 CH domains [51] . The PKC binding site at the C-terminus of filamin consists of repeat 24, the dimerization site. This repeat is essential for the crosslinking of actin filaments and in addition serves as or is next to the interaction sites for a number of signalling molecules, among which are small GTPases of the Rho family [27] , Trio, a Rac1-and Rho-guanine nucleotide exchange factor (GEF) [28] , Smads [53] and p21 activated kinase 1 (PAK1) [54] . This accumulation of filamin ligands at the C-terminus supports the concept that filamin serves as a scaffold allowing cross-talk between different signalling pathways [20] . Hence, binding to repeat 24 may allow PKC to interact with a panel of different substrates in its immediate vicinity.
On the side of PKC, the interaction with filamin is dominated by the PKCα C2-fold, as determined by overlay and yeast two-hybrid analysis. In its Ca 2+ -bound state, this protein fold mediates an electrostatic interaction with acidic phospholipids, phosphatidyl-serine and phosphatidylinositol 4,5-bisphosphate [55, 56] , and translocates the kinase to the plasma 
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PKCα and filamin 18 membrane [47] . In addition, Ca 2+ -binding induces conformational changes in the regulatory domain of the kinase [47] , thereby affecting its binding properties towards protein ligands [57] . Therefore, our results indicate that PKC binding to filamin may be regulated by fluctuations of the local Ca 2+ concentration at the plasma membrane. A contribution of further ligand binding sites in PKC was not observed. In this respect, we tested the kinase domain including the substrate-binding site and the PKCα V3-region. This region affects the intracellular localization of PKCα [46] and a disruption of its interaction with β1-integrins blocks the PKC-dependent chemotaxis of carcinoma cells [9] . Neither PKCα V3 nor the kinase domain, however, strengthened substantially the interaction of the PKC regulatory domain with filamin. In conclusion, the characteristics of PKC binding to filamin match the criteria outlined by S. Jaken and P. Parker for a PKC-STICK interaction [3] . This type of an interaction provides a mechanism for targeting PKCs to substrate proteins, in vivo, and leads to a phosphorylation-dependent regulation of ligand binding e.g. of actin and phospholipids as shown for two STICKs, adducin [13, 50] and MARCKS [58, 59] .
In rat fibroblasts, TPA treatment induces phosphorylation of a C-terminal region of (table) . GAD, GAL4 activating domain; GBP, GAL4 DNA binding domain. prot. Fig.6 32 P prot. prot.
